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ABSTRACT
Factors Affecting Seasonal Variation of Surf Zone Assemblages in
Central California
by
Gammon Koval
Master of Science in Marine Science
California State University Monterey Bay, 2022
The surf zone is an important and highly dynamic ecosystem situated at the land-sea
interface; however, this habitat is relatively understudied in California. Beaches and surf
zones are among the most intensely used coastal resources by humans (e.g., recreation,
fishing, development). The dual threats of habitat modification and climate change can alter
these ecosystems, affecting the composition and abundance of species that reside there. In
addition, oceanographic conditions such as upwelling, water temperature, and stormgenerated waves have a predictable seasonality that may drive shifts in surf zone species
assemblages throughout the year. This study investigated the factors influencing spatial and
temporal changes in surf zone communities at four beaches in central California from July
2020 to June 2021. I evaluated seasonal trends, the effects of marine protected areas (MPA),
and associations with environmental conditions for these communities. Each site was
sampled eleven times, roughly once a month, during the sampling window using replicated
(n = 6 per sampling day) horizontal baited remote underwater video stations (BRUVS). The
MaxN statistic (i.e., the maximum number of individuals of the same species observed in a
single frame of the video), was used to estimate abundance for fish and invertebrates on each
sampling day, while the relative abundance of drift algae was extracted from still frames
using percent cover estimation techniques. Environmental data were obtained from in situ
observations on the day of sampling (e.g., water temperature, salinity, wind speed, and wave
height and period) or weather stations (e.g., wind and wave direction). The abundance and
community composition of fish and invertebrates were analyzed separately due to differences
in relative abundance and behavior. Surf zone fish assemblages exhibited marked
seasonality. Species like the barred, calico, and walleye surfperch and leopard shark were far
more common in the winter and spring and the speckled sanddab was more common in the
summer. Other species like the silver surfperch, thornback ray, dwarf perch, and black-andyellow rockfish were common throughout the year. There were no impacts of seasonality on
invertebrate assemblages, but the system was dominated by benthic species including the
purple dwarf olive snail, Pacific sand crab, slender crab, and red rock crab species. Protection
inside MPAs had a significant impact on the community structure of surf zone fish. Species
such as the reef perch, black perch, kelp rockfish, black-and-yellow rockfish, striped
surfperch, rainbow surfperch, señorita, cabezon, and pile perch were observed more
commonly within MPAs while species such as the thornback ray, grass rockfish, barred
surfperch, and walleye surfperch were more common at reference sites. No effects of MPA
status on the invertebrate species diversity or assemblage were detected. Significant
environmental variables affecting both fish and invertebrate species included wave height
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and visibility, with the former being the dominant driver of surf zone assemblage structure.
Fish species like the barred, calico, and walleye surfperch, leopard sharks, and invertebrate
species like the Dungeness crab, purple dwarf olive snail, and Pacific sand crab were more
common during larger wave seasons, while most other species were more abundant on
calmer days and seasons. Future studies should continue monitoring the surf zone to gather
additional years of sampling and further investigate the predator-prey interactions of surf
zone species. This study is one of the first to evaluate temporal trends in the structure of surf
zone assemblages in California. The seasonal trends identified and positive responses to
MPAs provide key insights into surf zone dynamics and can be used to help inform
management and fishing regulations for this ecosystem.
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INTRODUCTION
Terrestrial and marine ecosystems are subject to seasonal changes that result from
annual oscillations in day length, temperature, precipitation, resource availability, and
many other environmental factors (Lisovski et al. 2017). Seasonal changes are highly
influential in marine systems, as shifts in environmental conditions and productivity are
linked to reproductive cycles and the timing of recruitment (Akin et al. 2003; Migaud et
al. 2010), feeding and growth (Merz 2002), patterns of migration and habitat occupancy
(Lampert 1989; Hansen et al. 1993), and ecosystem function (Bertram et al. 2001).
Seasons have a considerable impact on individual species, which leads to annual changes
in their behavior and physiology.
The surf zone, the area extending from the first outermost breaking waves to the
shore, is characterized by turbulent conditions including waves of various size and
periodicity, constant turmoil, high tidal exchange, and strong long-shore and rip currents
(Allen and Pondella II 2006; Olds et al. 2018). The surf and swash zone habitats are
highly dynamic and vary in position and conditions with the seasons, especially in
temperate areas. These temporal changes in the surf zone and its associated species
assemblage have been studied around the world, with evidence building that these
assemblages respond to seasonal variability. Nanami and Endo (2007) observed Japan's
surf zone for two years and documented several migratory species that occupied the
habitat in the spring while also identifying year-round residence in other species. Beyst et
al. (2000) reported temporal variability of Belgian surf zones, identifying changes in
assemblage composition throughout the year and the impact of environmental factors. On
the East Coast of the United States, Layman et al. (2000) showed that fish abundance in
the surf zone peaked in the fall, while species richness peaked in the summer. Ross et al.
(1987) conducted a study in the Gulf of Mexico to identify the most common species and
drew similar conclusions that density and standing crop for surf zone fish peaked in the
summer months. On the West Coast of the United States, Marin Jarrin (2011) performed
a study in Oregon observing diel migrations within the surf zone and found that smaller
swimming fish were the most abundant at night and during the high tide. In addition to
year-round studies, the surf zone has been documented as an essential ecosystem for fish
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species who spend their juvenile developmental stage in shallow, protected waters
(Layman 2000; Ross and Lancaster 2002; Strydom and D'Hotman 2005), and as hunting
grounds for highly mobile predators, which cruise between surf zones searching for prey
(Layman 2000; Nakane et al. 2009). The seasonal effects of the surf zone have been
documented throughout the world along with the responses of the species that reside
within it.
Temporal changes in the surf zone habitats can be linked to changes in
oceanographic conditions, which also indirectly affects productivity, spawning, and prey
availability of biota. The most studied environmental variables in surf zone literature
include water temperature, wave height, period, and speed, drift macrophytes, salinity,
wind, and turbidity (Old et al. 2018). Harborne and Mumby (2011) showed that fish
abundance and diversity in a range of marine ecosystems was positively correlated with
water temperature. These differences are likely caused by transient species exhibiting
seasonal patterns and being present in warmer waters (Layman 2000; Nanami and Endo
2007). Biomass of drifting macrophytes has also been positively correlated with
increased fish abundance in surf zones (Crawley et al. 2006). Drifting macrophytes can
provide shelter and feeding opportunities for fish species that feed on the invertebrates
associated with the algae (Hyndes et al. 2014). Surf zone fish abundance has been shown
to be negatively correlated with wave height, period, and speed (Clark 1997). Many
species occur more commonly in the surf zones of beaches with lower wave energy,
while other taxa associate with higher wave action (Inui et al. 2010; Valesini et al. 2004).
Wave conditions also impact the presence or absence of dynamic microhabitats, such as
troughs, runnels, or sandbars, within the surf zone. These microhabitats are dynamic but
have been shown to harbor distinct fish assemblages (Layman 2000; McLachlan and
Brown 2006). Additionally, Able et al. (2013) showed that sandbars are a foraging
ground for juvenile fishes. Thus, emerging evidence indicates that changing
oceanographic conditions have the potential to impact surf zone assemblages through a
variety of processes.
Beaches encompass 70% of the world's coastline (Bascom 1980) and represent
the most extensive ecotone connecting marine and terrestrial systems (Olds et al. 2018).
Additionally, sandy beaches are intensely used as cultural, recreational, and economic
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resources (Defeo et al. 2009; Dugan et al. 2010). Coastal real estate is highly valued and
can lead to the development and urbanization of beaches (Bin et al. 2011). This, in turn,
leads to "coastal squeeze," when beaches are impacted on the terrestrial side by
urbanization and on the marine side by various anthropogenic stressors, including
pollution, run-off, and climate change (Nordstrom 2004; Dugan et al. 2008; Pontee
2013). Climate change, in the form of sea level rise, particularly threatens beach
ecosystems (Caldwell and Segall 2007). As the ocean water level rises, the beach
becomes limited by the backing of the beach. In California, many beaches are backed by
developed real estate or bluffs, preventing beach expansion (Caldwell and Segall 2007).
Fishing in the surf zone, both from shores and piers, occurs worldwide for recreation and
subsistence (Pradervand and Hiseman 2006). Past studies have concluded that the direct
harvest from sandy beaches can have detectable, negative impacts on the ecosystem
(Bennett and Attwood 1991). Therefore, beaches provide many resources to people but
are also impacted by human activities (Dugan et al. 2003; Schooler et al. 2019).
Due to the dynamic nature of the surf zone, the majority of resident species
require adaptations to handle the turbid environment (Clark 1997), which can minimize
functional redundancy within the ecosystem (Henderson et al. 2019). High functional
redundancy occurs when multiple species within an ecosystem compete for similar
resources and therefore provide a similar ecosystem function (Loreau 2004; Hoey and
Bellwood 2009; Mori et al. 2013). Functional redundancy often co-occurs in systems
characterized by high species diversity, for example, coral reefs (Hoey and Bellwood
2009), and is a critical component that maintains the structure, functioning, and resilience
of an ecosystem to environmental changes (Cardinale et al. 2012; Duffy et al. 2015).
Sandy beaches provide resources to a multitude of species; however, the low functional
redundancy of these ecosystems make them susceptible to human impacts like harvesting.
Although the surf zone community is driven by bottom-up regulation (Vargas-Fonseca et
al. 2016), those along sandy beaches are deficient in primary producers, which may also
depress functional redundancy. The turbulent nature and lack of rocky habitat in the surf
zone of sandy beaches inhibits primary producers such as marine macrophytes from
establishing a holdfast and beginning to grow (Griffiths et al. 1983). Instead of in-situ
primary production, algae detritus is supplied from offshore, when macrophyte material
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detaches from nearby rocky habitats and drifts into the surf zone and shoreline (Dugan et
al. 2011). These subsidies provide essential nutrients, especially for macrofaunal
organisms, and stimulate energy flow through the food web (Dugan et al. 2003).
Due to the importance and vulnerability of the surf zone, resource managers have
begun to incorporate this habitat into conservation and management plans. Typical
conservation measures aim to maintain ecological functions (Henderson et al. 2019). One
method of conservation employed in surf zone habitats is marine protected areas (MPAs;
Mann et al. 2016). The objective of these management tools is to restrict or remove
extractive anthropogenic pressures on an ecosystem. In the case of surf zones, MPAs can
benefit the community in two ways: directly through limiting the harvest of fish and
invertebrates from the surf zone (Bennett and Attwood 1991), and indirectly through the
influence of trophic cascades that enhance macroalgal drift production in nearby kelp
forests and rocky reefs, resulting in greater cross-system subsidies. MPAs have been
demonstrated to be a useful conservation tool in restoring the populations of targeted
species (Lester et al. 2009), including those inhabiting the surf zone (Bennett and
Attwood 1991; Bullock et al. 2021). However, typical evaluations of MPAs often focus
on annual changes with sampling occurring during a single season. Few studies examine
seasonal variation in response to the effect of MPAs, even though understanding seasonal
variability is important for obtaining a complete picture of community responses to
protection from fishing.
Oceanographic conditions heavily influence the Central Coast of California,
where this study was conducted. Summer, from June to August, is characterized by the
calmest conditions, as water temperatures slowly rise (Ramp et al. 2011). Fall, from
September to November, has the warmest ocean temperatures (Manzer et al. 2019) and
lowest productivity. Winter, from December to February, brings storms and high wave
action, which uproot kelp and transport this important subsidy into the surf zone as drift
algae (Andrews 1945; Krumhansl and Scheibling 2012). Again, kelp provides an
important nutritional subsidy to the surf zone and in central California, the most
influential factors affecting kelp biomass was wave disturbance (Bell et al. 2015). Spring,
from March to May, is accompanied by a high degree of upwelling and strong winds,
bringing an excess of nutrients to the surface, which fertilize and stimulate a range of
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primary producers (Thompson et al. 2012). Central California poses a unique
environment exhibiting strong seasonal patterns driven by oceanographic processes. The
combination of these factors set it up as an excellent system to investigate seasonality in
the surf zone.
A recent review identified a lack of research within the surf zone along the west
coast (Olds et al. 2018), reporting that of the 152 studies investigating surf zone fishes,
only four were conducted along the West Coast of the United States (Griem and Martin
2000; Marin Jarrin and Shanks 2011; Quinn et al. 2012; Marin Jarrin et al. 2016).
Because surf zones are such a challenging and dynamic system to study at any season,
but particularly in the winter, little is known about how the biotic assemblage changes
throughout the seasonal cycle or how it may be affected by variation in environmental
conditions. The lack of surf zone literature and combination of increasing anthropogenic
stressors (coastal development, sea level rise, pollution runoff) in California provide a
strong rationale to increase research activity in this ecosystem.
Several studies have been conducted to evaluate the effects of MPAs on surf zone
fishes, but these have primarily been conducted in South Africa (Venter and Mann 2012;
Attwood et al. 2016; Mann et al. 2016; Bullock et al. 2021) and Australia (Ortodossi et al
2018). A larger statewide study was initiated in 2019 to assess the effect of MPAs on
California surf zone and beach ecosystems; however, that study only occurs in the
summer and is not investigating the effects of seasonality on the surf assemblage (Dugan
et al. 2022).
This study was designed to fill gaps in our knowledge of seasonal variation in the
surf zone assemblage of Central California while simultaneously tested the responses of
assemblage to protection from fishing in MPAs. I chose to focus on three questions: 1)
How does the surf zone assemblage change seasonally? I predicted that species diversity
would peak in the spring to correspond with upwelling when more nutrients are available
along with the greatest amounts of subsidies transported from offshore reefs by winter
storms, but abundance would peak in the summer when conditions were calmest and
during the reproductive cycle of surfperch. I also predicted that diversity and fish
abundance would be lowest in the winter when there is the greatest amount of wave
action and disturbance in the surf zone. 2) How does the surf zone assemblage differ
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between no-take MPAs and reference locations throughout the year, and which species
are most responsible for these changes? I predicted that both abundance and diversity
would be greatest within MPAs and that recreationally targeted species will have a
stronger response to MPAs than non-targeted species. 3) Are there specific environmental
factors associated with spatial and temporal differences in surf zone assemblages? I
predicted that there would be specific factors explaining seasonal variation, such as water
temperature, salinity, wave height, and algae percent cover, and other physical forcing
factors would influence the spatial differences among sites, such as wind speed, wave
period, wave height (exposed versus protected areas), and wave and wind direction.

METHODS
Study Sites
Four locations were selected along the Monterey Peninsula in Central California
Coast to assess temporal variability in surf zone assemblages (Fig. 1). There are 29 MPAs
in Central California, which cover 536 km2 of the sea, many of which were established in
2007 with the California Marine Life Protection Act (CMLPA; California Department of
Fish and Game 2009). Within the Central California region, there are two official
classifications of MPAs: state marine reserve (SMR) and state marine conservation area
(SMCA). SMRs are traditional no-take MPAs that prohibit fishing and collecting marine
resources without specific permits, while SMCAs allow certain types of resource
extraction, such as recreational fishing, but still restrict most activities (California
Department of Fish and Game 2009). Two of my study sites were within no-take SMRs
and two were within SMCAs. The sites located within SMCAs allowed recreational
fishing so were considered reference sites compared to the no-take SMR sites. Reference
sites were selected based on physical similarities to their respective MPA sites, including
orientation, degree of shelter, approximate surf zone width, beach backing, and beach
length. The first site pair is Spanish Bay (36.611 N, 121.948 W), located within the
Asilomar SMR, and Carmel Beach (36.557 N, 121.932 W), also referred to as Carmel,
located in the Carmel Bay SMCA (Fig. 1). Both beaches are long, sandy beaches facing
west and receive a large amount of wave action. The second site pair is Whalers Cove
(36.519 N, 121.938 W), within Point Lobos SMR, and Stillwater Cove (36.566 N,
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121.943 W) within Carmel Bay SMCA (Fig. 1). Whalers Cove faces north and Stillwater
Cove faces south, but both sites are sheltered coves receiving reduced wave action and
harboring year-round kelp forests within the cove. Both Carmel Beach and Stillwater
Cove are within the Carmel Bay SMCA, but this specific SMCA allows recreational
fishing. Sampling was successfully completed at these sites from July 2020 to June 2021,
with each site being sampled eleven times (Table 1). Sampling was disrupted in the fall
of 2020 by the Carmel and River fires which made air quality conditions unsafe to
sample. As such, no reference sites were sampled within September 2020 due to the
wildfires.
Table 1. Sampling design, showing the number of times each site was sampled per
month. Samplings were limited in September and October due to the 2020 Carmel
and River fires.
Site Pair One
Spanish Bay*

Carmel Beach

Site Pair Two
Whalers Cove*

July
1
1
August
1
1
September
1
0
October
0
1
November
1
1
December
1
1
January
1
1
February
1
1
March
1
1
April
1
1
May
1
1
June
1
1
Total
11
11
* represents sites within state marine reserves (SMR).

0
1
1
1
1
1
1
1
1
1
1
1
11

Stillwater Cove
1
1
0
1
1
1
1
1
1
1
1
1
11
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Figure 1. Map of all four study sites and the marine
protected areas located around the Monterey
Peninsula.

Biological and Environmental Sampling of the Surf Zone
The traditional method of surf zone sampling uses a seine net. This is the most
popular method as it can be done with a relatively small team (4-6 people) from shore
and provides descriptive quantitative information for each individual captured including
length and weight of species, abundance, and sex (Olds et al. 2018). When surf
conditions are less favorable, using a seine can be difficult or impossible, and can pose a
safety risk to members of the team. Additionally, seines are less effective at capturing
larger, mobile species (Murphy and Jenkins 2010). Baited remote underwater video
stations (BRUVS) provide a safer alternative with a high degree of flexibility associated
with appropriate weather conditions for sampling. BRUVS require a smaller team (only
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two individuals), collect data without human presence, and provide permanent
documentation of the data collected (Cappo et al. 2006). BRUVS provide greater
accuracy given their ability to document larger, mobile species that can escape a seine net
(Murphy and Jenkins 2010; Lowry et al. 2012). Additionally, BRUVS are a form of nonextractive sampling, which can be vital when sampling in sensitive areas, including
MPAs (Cappo et al. 2006). Using bait can attract individuals in the vicinity of the
BRUVS, aiding detectability and increasing similarity among replicates (Whitmarsh et al.
2017), through bait can alter the composition of the ecosystem by altering fish behavior
(Harvey et al. 2007). The predominant disadvantage to BRUVS is the extensive labor
required to analyze the footage (Murphy and Jenkins 2010). BRUVS are also limited by
the camera's field of view, water visibility, and loss of quantitative measurements (e.g.,
fish sizes and weights) that can be acquired using a seine. However, the advantages of
BRUVS made it the preferred method of sampling for this project due to the more
challenging seasons under study.
The surf zone was surveyed using horizontal, purpose-built BRUVS (Vargas‐
Fonseca et al. 2016). These BRUVS utilized a GoPro Hero 7 camera (©2020 GoPro)
recording at a resolution of 1080p and 60 frames per second, with the field of view set to
"wide." The cameras were mounted to a 4.5 kg (10 lb) weight with a soft-mesh bait bag
attached to a 1.27 cm (0.5”) PVC pole that extended 1 m (3.3 ft) away from the camera
(Fig. 2). The weighted system had a rope with two attachment points, forming a floating
bridle to keep the rope from obscuring the camera. The bridle was attached to 3 m of rope
with a float to aid in recovery of the BRUVS. The bait used in each BRUVS consisted of
500 g (1 lb) of chopped frozen market squid (Doryteuthis opalescens). Six BRUVS were
deployed at each site with a one-hour soak time. A soak duration of 60 min was
determined to observe 75% of elasmobranchs, regardless of rarity, in systems worldwide
(Currey-Randall et al. 2020). Other studies showed that 60 min maximizes the precision
of abundance estimates while balancing the effort of deployment (Gladstone et al. 2012).
The BRUVS were evenly spaced 50 m apart from each other, traveling parallel along the
beach. A majority of BRUVS studies place the individual units with greater than 150 m
between replicates to minimize redundancy with individuals appearing in multiple
BRUVS (Whitmarsh et al. 2017), but that was not possible as only one of the four sites in
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this study had beaches long enough to accommodate this spacing. The BRUVS spacing
for this study was selected to minimize the potential for fish to swim between BRUVS
while maintaining consistency across all sites. Each BRUVS was placed seaward of the
first line of breaking waves and set to a depth between 2-2.5 m. Since Carmel Beach was
over 1 km long, sampling was constrained to the northern area to minimize spatial
variability within a site. Sampling was conducted within 2 hours of low tide to avoid the
daily migratory bias (McLachlan and Brown 2006) and occurred between the hours of
6:00 and 18:00 to avoid the impact of crepuscular species and the bias in behavior
exhibited by prey and predatory species (Harvey et al. 2007).

Figure 2. Surf-baited remote underwater video station schematic when viewed
from above. Primary components are labeled.
While the BRUVS were soaking, a series of environmental and physical
measurements were recorded to test the environmental drivers of surf zone assemblages,
following Dugan et al. (2003). Water temperature was recorded with a handheld
thermometer, while maximum wind speed and average wind speed for three minutes
were recorded using a handheld Kestrel 2000 Wind Meter (© 2020 KestrelMeters.com)
with the instrument being held about 2 m from the substrate within the swash zone.
Salinity was measured using a handheld refractometer with a water sample takes from the
surf. The significant wave height was measured by placing a wave pole at the low swash
and lining up the top of the breaking wave with the horizon. The significant breaker
period and time from breakpoint to swash was recorded for each transect. Additional data
was gathered from the National Data Buoy Center (NDBC) for wind direction (buoy
46092) and wave direction (buoy 46240) for the sampling days and times.
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Video Analysis
Video recordings from each deployed BRUVS were analyzed using the
EventMeasure software (©2020 SeaGIS). This program is specifically designed for video
analysis of biological data and expedites the data capture process. Each video was
imported into the program, and one hour of footage was selected. Approximately 10 min
from the beginning of the video was skipped before the analysis began or the maximum
amount after the BRUVS had been deployed (up to 10 min), which still allowed for 60
min of footage to be analyzed. This acclimation window allowed the BRUVS to be
deployed and sufficient time for the environment to recover from the disturbance of
placing the BRUVS on the benthos. The video was watched fully, and all species of
mammals, fishes, and invertebrates were identified to the lowest taxonomic level. The
program allowed timestamps to be made, providing permanent documentation of the
organism and its classification. Upon watching each video completely, the results were
exported and used to calculate abundance, diversity, and other metrics describing the surf
zone assemblage. To calculate the relative abundance of each species, the program
calculated the MaxN statistic, as the maximum number of individuals of a single species
present in a video frame. MaxN is a standard metric used when analyzing BRUVS
footage as it prevents double counting individuals that might have dropped out of the
field of view and then reappeared (Murphy and Jenkins 2010), and this represents the
most common metric used in BRUVS analyses (Whitmarsh et al. 2017). While MaxN
represents the most accurate measure of abundance, it is conservative, leading to a likely
deflated estimate of abundance.
The Shannon-Weiner diversity index (H) was calculated using the MaxN value
for each species, where pi is the proportion of the total sample represented by species i
(equation 1).
𝐻𝐻 = ∑1𝑛𝑛=𝑖𝑖|(𝑝𝑝𝑖𝑖 ) × ln(𝑝𝑝𝑖𝑖 )|

(1)

Species richness, representing the number of unique species observed in the hour of
footage, was used as another diversity metric. Additional descriptors for each fish were
added to build a more holistic community profile for each beach. Information on
recreationally targeted vs. non-targeted species were gathered from the California
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Department of Fish and Wildlife (CDFW) website (www.wildlife.ca.gov), which
provides the current limits and restrictions placed on all California fisheries. Species were
also characterized into broader feeding guilds modified from Elliott et al. (2007) based on
their diets, including: herbivores, planktivores, microcarnivores, macrocarnivores, and
piscivores. Herbivores are those species that feed exclusively on algae, and examples
include kelp crabs and sea snails. Planktivore species feed on plankton and include tubesnouts, Pacific sand crabs, or Pacific sardines. Microcarnivores represented species that
consume prey smaller than a sand crab. Examples include Dungeness crabs, shiner
surfperch, or speckled sanddabs. Macrocarnivores included all species that feed on
invertebrates or fish and could eat prey as large as a Pacific sand crab. Examples include
leopard sharks, barred surfperch, and California halibut. The final feeding guild
classification, piscivores, were species whose diet consisted entirely of fish. The striped
bass and Pacific barracuda are examples of piscivores. These groups, targeted versus nontargeted species and feeding guilds, were used to calculate a revised MaxN for the
analysis. Classification of feeding guilds and targeted status for each species present in
this study can be found in Appendix A.
The relative abundance of macroalgal wrack was determined using still images
captured from the video footage. Three images were captured throughout the video (one
at the beginning, one at the 30-min interval, and one at the 60-min interval), and 24
points were randomly overlaid on the image using ImageJ software (©2020 NIH). 24
points was determined to be sufficient by running a precision analysis on the test series of
images and using 12, 18, 24, and 36 points per image. Any species of macroalgae below
each point was identified to the lowest taxonomic order (Gilby et al. 2015) for brown,
red, and green classifications. The proportion of points for each species was used to
calculate the percent cover for each BRUVS. The percent cover information was added to
the environmental data as a potential factor influencing surf zone species assemblages.

Statistical analysis
All statistical analyses were carried out in R v4.0.2 (R Core Team 2022) using the
vegan R package v 2.5-6. Question 1 focused on how the surf zone assemblage changed
seasonally. The data were filtered into fish and invertebrate taxonomic groups (as
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mammals and birds were rarely observed) and the same analyses were carried out on both
sets of data separately. The MaxN values for each species on each BRUVS were
averaged across all six BRUVS to produce an average MaxN value for each species on
each sampling day. This was used as the lowest level of replication for analysis.
Shannon-Wiener diversity was calculated for each BRUVS using the MaxN data. The
Shannon-Wiener diversity and species richness values were averaged for the six BRUVS
deployed at each site and month. Each parameter was then analyzed with a separate twoway analysis of variance (ANOVA) using season, site, and their interaction as the factors.
This tested both spatial and temporal differences and allowed me to determine if the
seasonal differences were consistent across sites throughout the year.
To further analyze seasonal trends in community composition, the abundance
MaxN data for fish and invertebrates were square-root transformed to down-weight the
importance of highly abundant species, and the results were used to calculate a BrayCurtis dissimilarity matrix (Clarke and Warwick 1994). The matrix was then used to
create a non-metric multidimensional scaling ordination (nMDS) plot, to visualize
differences in community composition among sites and seasons, along with vector
overlays to depict which species were driving the differences among samples (calculated
using `envfit` from the vegan package). The stress score for an nMDS is a goodness-of-fit
metric that shows the difference between distances in the reduced dimension versus the
complete multidimensional space. A stress score of 0.1 corresponds to an accurate
ordination (Clarke and Warwick 2001). The dissimilarity matrix was calculated using the
`vegdist` function from the vegan package, and the `metaMDS` function (also from the
vegan package) was used to perform the nMDS. To test statistical significance of the fish
and invertebrate community data, a two-way permutational analysis of variance
(PERMANOVA) was used to analyze the effect of site, season, and their interaction on
the abundances of all species in the community, using the `adonis` function (Attwood et
al. 2016). Further analysis used a similarity percentage (SIMPER) model to determine
which species were driving the differences between seasons. The fish and invertebrate
species were broken up into feeding guilds and the same multivariate analyses (nMDS
and PERMANOVA) were run on the MaxN data.
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Question 2 addressed how the surf zone assemblage differs between MPAs and
the reference location across the seasons. Building upon question 1, the fish and
invertebrate data were separated, and diversity and abundance metrics were calculated
using MaxN. Significance was tested with an additional two-way ANOVA using MPA
status, season, and their interaction as the factors. Again, like the analysis of question 1,
the MaxN values for abundance were analyzed with the multivariate approach of a twoway PERMANOVA including MPA status as the factor. I also used another SIMPER
analysis but this time looking at which species were driving differences between MPA
status. These results helped me interpret if the species driving the difference are
recreationally targeted. In addition to total fish and invertebrate abundance, the species
were grouped into targeted versus non-targeted and the same multivariate approach
(nMDS and PERMANOVA) was used.
Question 3 investigated how environmental factors affect the surf zone
assemblage, including tide height at sampling, water temperature, salinity, average wind
speed, depth of the BRUVS, visibility, wave height, wave period, red macrophyte percent
cover, green macrophyte percent cover, brown macrophyte percent cover, seagrass
percent cover, wind direction, and wave direction. All variables were examined by site
and season to determine initial trends. Since the two pairs of sites differed in wave
exposure, a nMDS using the Gower Distance (Gower 1971) was run on the
environmental data to determine the similarity of the different sites. The environmental
data were averaged per sampling day and joined with the abundance MaxN data, which
were also averaged per sampling day. Fish and invertebrates were filtered and analyzed
separately.
A distance-based redundancy analysis (dbRDA) was used to analyze the impact
of the environmental predictors on the fish and invertebrate community abundance data
(Currey-Randall et al. 2021). The dbRDA is used in place of a traditional redundancy
analysis because it allows the use of a non-Euclidian distance matrix. Since this study
analyzed community data, the Bray-Curtis distance matrix was the best method. The
distance matrix is then run through a principal coordinate analysis (PCoA) and the
eigenvalues from the PCoA are used in a redundancy analysis (McArdle and Anderson
2001). The dbRDA was run using the `capstone` function from the vegan package in R.
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The model allows for the determination of significant environmental factors and the
resulting influence of each factor on each species. Given the environmental difference in
site pairs, additional dbRDA were run for fish and invertebrates using the data from
Spanish Bay and Carmel Beach and again for Whalers Cove and Stillwater Cove.

RESULTS
In total, 264 BRUVS were analyzed as part of this thesis, and 51 species were
identified (Table 2). Of those 51 species, there were 35 species of fish, 11 species of
invertebrates, 3 species of mammals, and 2 species of birds. Of the 264 BRUVS, no
species were observed on 52 of them (19.7%).
Table 2. Classification and names of species with number of individual baited remote
underwater video stations (BRUVS) each was recorded on.

Classification
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish

Scientific Name
Embiotoca jacksoni
Amphistichus argenteus
Embiotoca lateralis
Amphistichus koelzi
Citharichthys stigmaeus
Hypsurus caryi
Platyrhinoidis triseriata
Triakis semifasciata
Sebastes rastrelliger
Micrometrus minimus
Scorpaenichthys
marmoratus
Oxyjulis californica
Hyperprosopon argenteum
Micrometrus aurora
Hyperprosopon ellipticum
Atherinops affinis
Rhacochilus vacca
Rhacochilus toxotes
Brachyistius frenatus
Cymatogaster aggregata
Sebastes atrovirens

Common Name
Black Perch
Barred Surfperch
Striped Surfperch
Calico Surfperch
Speckled Sanddab
Rainbow Seaperch
Thornback Ray
Leopard Shark
Grass Rockfish
Dwarf Perch

Number of
BRUVS
Recorded On
57
45
35
32
20
20
19
17
16
12

Cabezon
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Señorita
Walleye Surfperch
Reef Perch
Silver Surfperch
Topsmelt
Pile Perch
Rubberlip Seaperch
Kelp Perch
Shiner Perch
Kelp Rockfish

11
10
9
8
6
5
4
3
3
3
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Classification

Scientific Name

Fish

Sebastes chrysomelas

Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish
Fish

Paralabrax clathratus
Sebastes mystinus
Sebastes spp.
Aulorhynchus flavidus
Genyonemus lineatus
Hyperprosopon anale
Morone saxatilis
Ophiodon elongatus
Phanerodon furcatus
Platichthys stellatus
Sardinops sagax

Fish

Strongylura exilis

Fish

Zapteryx exasperata

Invertebrate

Callianax biplicata

Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Mammal
Mammal
Mammal
Bird
Bird

Emerita analoga
Metacarcinus productus
Metacarcinus gracilis
Pleurobrachia bachei
Pagurus spp.
Metacarcinus magister
Aurelia aurita
Chrysaora fuscescens
Littorinidae spp.
Pugettia producta
Phoca vitulina
Homo sapiens
Zalophus californianus
Urile pelagicus
Gavia stellata

Common Name
Black-and-Yellow
Rockfish
Kelp Bass
Blue Rockfish
Unknown Rockfish
Tube-snout
White Croaker
Spotfin Surfperch
Striped Bass
Lingcod
White Seaperch
Starry Flounder
Pacific Sardine
Californian
Needlefish
Banded Guitarfish
Purple Dwarf Olive
Snail
Pacific Sand Crab
Red Rock Crab
Slender Crab
Sea Gooseberry
Hermit Crab
Dungeness Crab
Moon Jellyfish
Pacific Sea Nettle
Sea Snail
Northern Kelp Crab
Harbor Seal
Human
California Sea Lion
Pelagic Cormorant
Red-Throated Loon

Number of
BRUVS
Recorded On
3
2
2
2
1
1
1
1
1
1
1
1
1
1
39
38
22
16
15
13
7
5
2
2
1
13
6
2
6
2
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Effects of Season and Site on Surf Zone Communities
EFFECTS ON FISH
Seasonal and site trends were identified for fish species diversity (see Appendix B
for monthly graphs). Significant differences were detected in the Shannon-Wiener
Diversity for fish species between both site (two-way ANOVA; F3,28 = 18.894; p < 0.01)
and the interaction of seasons and sites (two-way ANOVA; F9,28 = 2.443; p = 0.034). I
did not detect a difference in Shannon-Wiener diversity between seasons across the sites
(two-way ANOVA; F3,28 = 2.131; p = 0.119). The site pairs differed significantly from
each other with higher species diversity being present at Whalers Cove and Stillwater
Cove than Spanish Bay and Carmel Beach (Fig. 3A). The interaction was complex, but at
Spanish Bay, diversity was greater in the fall compared to summer (Fig. 3A). I also
detected significant differences in species richness of fish species by site (two-way
ANOVA; F3,28 = 21.265; p < 0.001) and the interaction of site and season was significant
(two-way ANOVA; F9,28 = 2.413; p = 0.036). A difference between species richness by
season was not detected (two-way ANOVA; F3,28 = 1.514, p = 0.223). Site pairs differed
significantly from each other, such that Whalers Cove and Stillwater Cove had similar
richness values but greater richness than Spanish Bay and Carmel Beach (Fig. 3B). The
interaction of site and season was complex, but richness during the fall was greater than
the winter at Spanish Bay.
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A

B

Figure 3. Diversity and richness for fish species as a function of site and/or season.
A) Shannon-Wiener diversity of sites colored by season. B) Species richness at sites
colored by season. Each bar is the mean value ± 1 standard error.
Total fish abundance exhibited differences among sites, but not seasons. For fish
abundance, only site was significantly different than the others (two-way ANOVA; F3,142
= 5.590; p = 0.001, while season (Fig. 4A; two-way ANOVA; F3,142 = 1.001; p = 0.39)
and the interaction of site and season (two-way ANOVA; F9,142 = 1.517; p = 0.29) were
not significant. For sites, Carmel Beach had a significantly higher abundance of fish than
Whalers Cove and Stillwater Cove, while Spanish Bay did not significantly differ from
any of the sites (Fig. 4B). Whalers Cove and Stillwater Cove had the greatest diversity
and species richness, while they also had the lowest abundance. This likely points to
several species being highly abundant at Spanish Bay and Carmel Beach, but with fewer
species present.
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A

B

Figure 4. Abundance for fish species as a function of site and/or season. A) Total
fish abundance for each season. B) Total fish abundance by site. Each bar is the
mean value ± 1 standard error. Letters is panel (B) display results of a Tukey
post-hoc test.
The multivariate approaches revealed additional seasonal and site trends in fish
abundance and composition. I detected significant differences in fish communities among
seasons (two-way PERMANOVA; F3,26 = 2.791; p = 0.003) and sites (two-way
PERMANOVA; F3,26 = 10.119; p = 0.001), but the interaction of site and season was not
significant (two-way PERMANOVA; F9,26 = 1.331; p = 0.099). The nMDS for seasons
indicated relatively high overlap of fish community composition in the surf zone (Fig.
5A), with spring being completely overlapped by winter and some divergence of fall and
summer. When the same data were viewed but colored by site, there were distinct
assemblages for Whalers Cove and Stillwater Cove, but high overlap between Spanish
Bay and Carmel Beach (Fig. 5B). With species vectors overlain, the strongest
associations indicated that speckled sanddabs and thornback rays were more abundant in
the summer, while three species of surfperch (barred, calico, and walleye) and leopard
sharks were more abundant in the winter and spring (Fig. 5C). For sites, the same four
species that associated with spring and winter were also more common at Spanish Bay
and Carmel Beach. At Whalers Cove (a MPA site), there were more pile perch, cabezon,
señorita, rainbow seaperch, striped surfperch, and black-and-yellow rockfish, while at
Stillwater Cove there were more thornback rays, dwarf perch, and grass rockfish (Fig.
5C). The greatest differences in among-season comparisons occurred between summer
and winter (Table 3). The species driving these differences were the speckled sanddab,
which was more common in the summer, and the barred surfperch and calico surfperch,
which were more common in the winter.
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B

C

Figure 5. Results from non-metric multidimensional scaling (nMDS) analysis for
the fish species. Data for abundances were square root transformed. A) Points
represent sampling days and are colored by season. Ellipses are 95% confidence
intervals. B) Points represent sampling days and are colored by site. Ellipses are
95% confidence intervals. C) The species vectors from the nMDS. The longer the
arrow the more abundant it was, and the direction can be used to interpret
relationship with season and site.
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Table 3. Results from the similarity percentages analysis for fish comparing all
seasons showing the percent of variability explained by each species. The values in
parentheses next to the seasons represent the difference between the two seasons.
Only the species that explained a cumulative 50% of the variation for each
comparison are included.
Species
Summer-Fall (83.82%)
Speckled Sanddab
Barred Surfperch
Thornback Ray
Black Perch
Summer-Winter (86.65%)
Speckled Sanddab
Barred Surfperch
Calico Surfperch
Summer-Spring (82.20%)
Speckled Sanddab
Barred Surfperch
Thornback Ray
Black Perch
Fall-Winter (82.34%)
Barred Surfperch
Calico Surfperch
Black Perch
Silver Surfperch
Fall-Spring (83.90%)
Barred Surfperch
Speckled Sanddab
Black Perch
Silver Surfperch
Calico Surfperch
Winter-Spring (75.04%)
Barred Surfperch
Calico Surfperch
Black Perch
Speckled Sanddab

% Explained
21.56%
13.12%
9.65%
9.43%
18.46%
17.76%
14.30%
21.65%
19.67%
7.71%
6.68%
17.29%
14.76%
10.08%
8.88%
18.23%
11.90%
9.54%
7.90%
6.72%
22.97%
16.42%
8.43%
7.18%
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EFFECTS ON INVERTEBRATES
For invertebrate species, there were additional site and season trends related to the
diversity metrics. When averaged by season, diversity was significantly higher in the
summer than the winter but there was no detectable difference between spring and fall
(two-way ANOVA; F3,25 = 3.299; p = 0.034; Fig. 6A). Sites were also significantly
different (two-way ANOVA; F4,25 = 2.515; p = 0.067; Fig. 6B), while the interaction of
site and season was not significant (two-way ANOVA; F11,25 = 1.246; p = 0.310). There
was greater invertebrate diversity at Spanish Bay and Carmel than Whalers Cove. I
observed that species richness of invertebrates was highest in the summer and lowest in
the winter (Fig. 6C), but this was not statistically significant (two-way ANOVA; F3,28 =
2.210; p = 0.109). There was a significant difference in richness between sites, with
Carmel Beach having more species present than Whalers Cove (Fig. 6D; two-way
ANOVA; F3,28 = 4.185; p = 0.014). The interaction between site and season was also not
significant (two-way ANOVA; F9,28 = 1.573; p = 0.172).
A

B

C

D

Figure 6. Diversity and richness for invertebrate species as a function of season or
site. A) Shannon-Wiener diversity colored by season. B) Shannon-Wiener
diversity index colored by site. C) Species richness colored by season. D) Species
Richness colored by site. Each bar is the mean value ± 1 standard error. Letters
above bars represent significance and the compact letter display from Tukey posthoc test.
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Total abundance of invertebrates differed significantly among sites. When
averaged by season, the greatest abundance of invertebrates occurred in the fall and was
lowest in the spring (Fig. 7A; two-way ANOVA; F3,69 = 0.521; p = 0.669). Abundance
was significantly different among sites (two-way ANOVA; F3,68 = 4.406; p = 0.007):
Carmel Beach recorded higher total abundance than Whalers Cove and Stillwater Cove,
while abundances were intermediate at Spanish Bay (Fig. 7B). The interaction of site and
season was not significant for invertebrate abundance (two-way ANOVA; F9,68 = 1.111; p
= 0.367). There was a significant seasonal trend in the Shannon-Weiner diversity of
invertebrates, and significant site trends for richness and abundance. Diversity, richness,
and abundance of invertebrates were all higher at Carmel Beach than Whalers Cove
(Figure 6B, 6D and 7B).
A

B

Figure 7. Total abundance for invertebrate species as a function of site and
season. A) Abundance averaged and colored by season. B) Abundance averaged
and colored by site. Each bar is the mean value ± 1 standard error. Letters above
bars represent significance and the compact letter display from Tukey post-hoc
test.
The multivariate approaches indicated significant differences in invertebrate
species assemblages among sites. I detected no seasonal differences in invertebrate
assemblage structure (two-way PERMANOVA; F3,19 = 0.992; p = 0.466) or the
interaction of site and season (two-way PERMANOVA; F8,19 = 1.098; p = 0.310), but
there were significant differences among sites (two-way PERMANOVA; F3,19 = 5.663; p
= 0.001). The nMDS of invertebrate abundance showed no distinct groupings by season
(Fig. 8A). When the same data were viewed by site, two distinct groups emerged:
Spanish Bay and Carmel Beach where distinct from Whalers Cove and Stillwater Cove
(Fig. 8B). With the species vectors overlain, the slender crab and red rock crab were
relatively more common in winter than the other seasons (Fig. 8C). For sites, the hermit
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crabs, moon jellyfish, sea gooseberries, and red rock crabs were more common at
Stillwater Cove and Whalers Cove, while the purple dwarf olive snail and Pacific sand
crab were more abundant at Carmel Beach and Spanish Bay (Fig. 8C). The greatest
differences between seasons from the SIMPER analysis were between fall and winter
(Table 4). The differences were driven by the Pacific sand crab, purple dwarf olive snail,
and slender crab. The more similar seasons for invertebrate species were summer and
fall, with differences being driven by the sea gooseberry, purple dwarf olive snail, and
red rock crab. The summer and fall are when waves were the lowest and temperatures
were the warmest.

25
A

B

C

Figure 8. Results from non-metric multidimensional scaling (nMDS) analysis for
the invertebrate species. Data for abundances were square root transformed. A)
Points represent sampling days and are colored by season. Ellipses are 95%
confidence intervals. B) Points represent sampling days and are colored by site.
Ellipses are 95% confidence intervals. C) The species vectors from the nMDS. The
longer the arrow the more abundant it was, and the direction can be used to
interpret relationship with season and site.
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Table 4. Results from the similarity percentages analysis for invertebrates
comparing all seasons showing the percent of variability explained by each species.
The values in parentheses next to the seasons represent the difference between the
two seasons. Only the species that explained a cumulative 50% of the variation for
each comparison are included.
Species
Summer-Fall (67.86%)
Sea Gooseberry
Purple Dwarf Olive Snail
Red Rock Crab
Summer-Winter (82.21%)
Pacific Sand Crab
Slender Crab
Red Rock Crab
Summer-Spring (75.15%)
Pacific Sand Crab
Purple Dwarf Olive Snail
Red Rock Crab
Fall-Winter (85.3%)
Pacific Sand Crab
Purple Dwarf Olive Snail
Slender Crab
Fall-Spring (72.56%)
Purple Dwarf Olive Snail
Pacific Sand Crab
Sea Gooseberry
Winter-Spring (82.89%)
Pacific Sand Crab
Slender Crab
Purple Dwarf Olive Snail

% Explained
22.13%
20.47%
19.21%
19.88%
19.57%
16.49%
19.22%
18.79%
16.68%
18.19%
17.58%
16.75%
21.72%
18.64%
17.64%
20.84%
20.11%
16.59%

EFFECTS ON FEEDING GUILDS
In analyzing feeding guilds, fish and invertebrate data were grouped together. The
five groups varied largely in abundance. I did not detect a significant difference in the
abundance based on feeding guild (two-way ANOVA; F4,84 = 1.429; p = 0.231), season
(two-way ANOVA; F3,84 = 0.281; p = 0.839), or the interaction of feeding guilds and
season (two-way ANOVA; F8,84 = 0.605; p = 0.771). Herbivores were found only in the
fall and at low abundances, and piscivores were not observed during the summer and had
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the highest abundance during the fall and winter (Fig. 9A). Because there were no
significant differences with guild and season, I chose to perform additional multivariate
tests to see if any seasonal trends emerged. The nMDS showed a high degree of overlap
between all four seasons and the results were marginally non-significant (Fig. 9B;
PERMANOVA; F3,40 = 2.1979; p = 0.062). Macrocarnivores were most abundant in the
fall and winter, planktivores were most abundant the summer, and microcarnivores and
piscivores were more abundant in the spring. Seasonal trends in the assemblage of
feeding guilds did not appear to be present in surf zone species.
A

B

Figure 9. Results from feeding guild analyses. A) Total abundance of feeding
guilds averaged by season and colored by feeding guild. Each bar is the mean
value ± 1 standard error. B) Results from non-metric multidimensional scaling
analysis for surf species colored by season with feeding guild vectors overlain and
95% confidence ellipses. Data were square root transformed, and each point
represents a sampling day. The longer the arrow the more abundant it was, and
the direction can be used to interpret relationship with season.
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Effects of Marine Protected Areas on Surf Zone Communities
EFFECTS ON FISH
Surf zone fish assemblages exhibited differences between MPA and reference
sites in some metrics, but not others. I did not detect significant differences in overall fish
diversity as a function of MPA status (two-way ANOVA; F1,34 = 0.899; p = 0.350),
season (two-way ANOVA; F3,34 = 0.612; p = 0.365), or the interaction (two-way
ANOVA; F3,34 = 0.906; p = 0.448), however variability was high. When averaged by
season, surf zone fish diversity was greater within MPAs in the summer, fall, and winter
compared to the reference sites, although that trend was not significant (Fig. 10A).
Species richness did not differ significantly with MPA status (two-way ANOVA; F1,34 =
1.469; p = 0.234), season (two-way ANOVA; F3,34 = 0.504; p = 0.682), or their
interaction (two-way ANOVA; F1,34 = 0.448; p = 0.720); however, species richness for
surf zone fish was higher on average within MPA sites for every season, although this
trend was not significant (Fig. 10B).
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Figure 10. Effects of marine protected areas (MPA) on fish diversity and richness
by season. A) Shannon-Wiener diversity index. B) Species richness. Each bar is
the mean value ± 1 standard error.
Fish abundance did not differ significantly with MPA status (two-way ANOVA;
F1,34 = 0.653; p = 0.425), season (two-way ANOVA; F3,34 = 1.093; p = 0.365), or the
interaction of season and MPA status (two-way ANOVA; F3,34 = 0.832; p = 0.486). When
abundance was analyzed by season it was higher within reference sites for the winter,
summer, and spring, but higher within MPA sites in the fall (Fig. 11).
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Figure 11. Effects of marine protected areas (MPA) on fish abundance by season.
Abundance is represented by the MaxN statistic. Each bar is the mean value ± 1
standard error.
The results from the multivariate analysis revealed additional trends for fish
species with respect to MPA status. Surf zone fish communities differed significantly
between the MPA and reference sites (PERMANOVA; F1,40 = 2.641; p = 0.021), as
illustrated by the lack of overlap in the nMDS plot (Fig. 12). Species such as pile perch,
cabezon, señorita, rainbow seaperch, striped surfperch, kelp rockfish, leopard shark, reef
perch, and black surfperch were more abundant inside MPA sites, while speckled
sanddabs and thornback rays were more abundant in reference sites (Fig. 12). The
SIMPER model results showed that over 50% of the variation was explained by barred
surfperch, speckled sanddabs, calico surfperch, and black surfperch (Table 5).
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Figure 12. Results from non-metric multidimensional scaling analysis for fish
species colored by MPA status with species vectors overlain. Data were square
root transformed, and each point represents a sampling day with 95% confidence
ellipses shown.
EFFECTS ON INVERTEBRATES
Surf zone invertebrate species also displayed differences in diversity and
abundance as a function of MPA status and seasonality. There was a marginally nonsignificant difference in invertebrate diversity with season (two-way ANOVA; F3,26 =
2.582; p = 0.075), but no difference based on MPA status (two-way ANOVA; F1,26 =
0.474; p = 0.497) or the interaction of MPA status and season (two-way ANOVA; F3,26 =
0.629; p = 0.603). The Shannon-Wiener diversity of invertebrates fluctuated throughout
the year, but the winter had the lowest values for both MPA and reference sites (Fig.
13A). There was a marginally significant effect of season on species richness (two-way
ANOVA; F3,26 = 2.95; p = 0.053) but no effect of MPA status (two-way ANOVA; F1,26 =
2.308; p = 0.141) or the interaction of season and MPA status (two-way ANOVA; F3,26 =
0.143; p = 0.934) were detected. Reference sites supported greater invertebrate diversity
than MPAs during the winter and spring, but MPAs recorded a greater diversity of
invertebrates during the summer and fall. The average species richness of invertebrates
increased steadily from winter to fall in both MPA and reference sites. There was also a
consistently greater richness on average at reference sites every season (Fig. 13B).
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Figure 13. Results for surf invertebrate species in marine protected area (MPA)
and reference sites averaged by season and colored by MPA status. Error bars
are standard error. A) Shannon-Wiener diversity index. B) Species richness.
I did not detect a significant effect on the abundance of invertebrates for MPA
status (two-way ANOVA; F1,26 = 0.038; p = 0.847), season (two-way ANOVA; F3,26 =
0.160; p = 0.922), or the interaction of season and MPA status (two-way ANOVA; F3,26=
1.148; p = 0.348). Abundance of invertebrate species was higher at MPAs in spring but
otherwise it was higher at reference sites (Fig. 14). While I detected seasonal differences
in invertebrate assemblage, an effect of MPA status was not detected on this assemblage.
For invertebrate species, the multivariate analyses did not reveal any major
differences in abundance by MPA status. The results of the nMDS of invertebrate
community structure showed some divergence between MPA and reference sites (Fig.
15), but that difference was not significant (PERMANOVA; F1,32 = 1.703; p = 0.139).
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The SIMPER model showed that Pacific sand crabs, purple dwarf olive snails, and red
rock crabs explained 50% of the variability (Table 5).

Figure 14. Results for surf invertebrate species in marine protected area (MPA)
and reference sites averaged by season and colored by MPA status. Each bar is
the abundance represented by the MaxN statistic with standard errors bars.

Figure 15. Results from non-metric multidimensional scaling analysis for
invertebrate species colored by MPA status with species vectors overlain. Data
were square root transformed, and each point represents a sampling day with
95% confidence intervals shown.
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Table 5. Results from the similarity percentages analysis comparing beach sites
within marine protected area to those in reference sites showing the percent of
variability explained by each species.
Fish

Invertebrates

Species
Percent
Species
Percent
Barred Surfperch
18.09%
Pacific Sand Crab
19.96%
Speckled Sanddab
13.60%
Purple Dwarf Olive Snail 18.59%
Calico Surfperch
10.45%
Red Rock Crab
16.64%
Black Perch
8.36%
Slender Crab
13.11%
Thornback Ray
6.85%
Sea Gooseberry
12.05%
Striped Surfperch
5.91%
Hermit Crab
10.16%
Leopard Shark
4.78%
Moon Jellyfish
5.21%
Silver Surfperch
4.79%
Dungeness Crab
4.28%
Cabezon
4.13%
Grass Rockfish
4.02%
Reef Perch
3.96%
Dwarf Perch
3.92%
Walleye Surfperch
3.32%
Senorita
2.97%
Rainbow Seaperch
2.69%
Pile Perch
0.92%
Black-and-Yellow Rockfish
0.62%
Kelp Rockfish
0.62%
Bold species represent those whose cumulative percent is greater than 50%.
EFFECTS ON FISH BY TARGETED STATUS
To determine if MPAs affected fish and invertebrate abundance differently based
on whether they were targeted by fishing, all species were classified as targeted or nontargeted. Fish and invertebrate data were again analyzed separately. The most abundant
targeted fish species was the black surfperch and the most abundant non-targeted fish
species was the speckled sanddab (Fig. 16).
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Figure 16. Five most abundant targeted and non-targeted fish species. Bars
represent frequency, or the number of BRUVS on which the species was
identified. The green bars on the left are targeted species while the orange bars
on the right are non-targeted species.
The seasonality and effects of MPAs on targeted and non-targeted fish species
were also analyzed separately. Season had a marginally non-significant effect on targeted
fish abundances (two-way ANOVA; F3,40 = 2.300; p = 0.092), while MPA status (twoway ANOVA; F1,40 = 0.011; p = 0.9176) and the interaction of MPA status and season
(two-way ANOVA; F3,40 = 0.624; p = 0.604) were not significant. Targeted species
exhibited greater abundances within MPAs during the spring and fall but not in the winter
and summer (Fig. 17A). Looking at non-targeted fish species, I did not detect any
significant differences in abundance based on season (two-way ANOVA; F3,40 = 0.383; p
= 0.766), MPA status (two-way ANOVA; F1,40 = 0.399; p = 0.531), or the interaction of
MPA status and season (two-way ANOVA; F3,40 = 0.624; p = 0.604) likely because of the
higher variability in abundance of this group. For non-targeted fish species, an average
abundance was greater within MPA sites during the winter and spring but greater in
reference sites in the summer (Fig. 17B). While I did not observe any effects of MPAs on
the abundance of targeted or non-targeted fish, this was likely related to the high
variability observed and the finding that seasonal trends in targeted fish were almost
significant.
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Figure 17. Abundance of targeted and non-targeted fish species within marine
protected areas (MPA) and reference sites by season. A) Abundances of targeted
fish species. B) Abundances of non-targeted fish species. Each bar is the mean
value ± 1 standard error.
EFFECTS ON INVERTEBRATES BY TARGETED STATUS
Invertebrate species were also classified as targeted and non-targeted to determine
if responses to MPA status differed. The most abundant targeted invertebrate was the
Pacific sand crab, while the most abundant non-targeted species was the purple dwarf
olive snail (Fig. 18).
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Figure 18. Most abundant targeted and non-targeted invertebrate species. Bars
represent frequency, or the number of BRUVS on which the species was
identified. The green bars on the left are targeted species while the orange bars
on the right are non-targeted species. Note that only four species of targeted
invertebrates were observed in this study.
Again, targeted and non-targeted invertebrates were analyzed separately. For the
targeted invertebrate species, I did not detect any significant differences in invertebrate
abundances with season (two-way ANOVA; F3,40 = 0.321; p = 0.810), MPA status (twoway ANOVA; F1,40 = 0.241; p = 0.626) or the interaction of season and MPA status (twoway ANOVA; F3,40 = 1.058; p = 0.378). Even though there were great differences in
abundance at reference sites in winter and MPA sites in spring, there was also a large
amount of variability (Fig. 19A). For the non-targeted invertebrate species, greater
abundances were observed at the reference sites in all seasons (Fig. 19B; two-way
ANOVA; F1,40 = 7.029; p = 0.011), but I did not detect any differences with season (twoway ANOVA; F3,40 = 0.718; p = 0.547) or the interaction of season and MPA status (twoway ANOVA; F3,40 = 0.640; p = 0.594) on these invertebrates.
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Figure 19. Abundance of targeted and non-targeted invertebrate species within
marine protected areas (MPA) and reference sites by season. A) Abundances of
targeted invertebrate species. B) Abundances of non-targeted invertebrate
species. Reference sites had significantly greater abundance than MPA sites for
non-targeted invertebrate species. Each bar is the mean value ± 1 standard error.

Environmental Drivers of Seasonal and Spatial Variation in Surf Zone
Assemblages
A subset of the environmental drivers exhibited significant seasonality, including
depth, visibility, tide height, wind speed, wave climate, water temperature, salinity, tide
height, and wind and wave direction for surf zone habitats. Environmental factors were
averaged by season (Table 6), and monthly graphs of environmental factors are presented
in Appendix C. Each BRUVS was deployed to an average depth of 1.65 meters with an
average visibility of 1.83 meters. BRUVS deployment depth was consistent throughout
the year and visibility was higher in the fall and spring while being lower in the summer
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and winter. The average tide height while sampling was 0.43 meters. I sampled on higher
tides in the fall and winter because of the changing time of the low tide throughout the
year. During sampling, average wind speed was highest in the late spring and early
summer and averaged 2.06 m/s overall. Wind direction shifted with season, in the spring,
the wind blew to the west, and during the fall the wind was to the south with an average
wind direction of 224.87°, or a south easternly direction, throughout the year. Salinity did
not vary much throughout the year, averaging 34.8 parts per thousand (ppt). Water
temperature was lowest from February to June and averaged 10.6 °C. Wave height was
highest in the winter with an average of 0.96 meters while sampling. Wave period
fluctuated month to month and averaged 9.0 seconds. The wave direction was
predominantly at 333.27 °, or a northerly direction in all seasons. The average percent
cover of drifting algae on all BRUVS was 29.0%. Overall percent cover of drift algae
was highest in October and lowest in September. Green algae exhibited the most seasonal
variability and was the only algal group absent during winter.
Spatial variation among sites was driven by the substantial differences in the
geophysical profiles of the two site pairs. Site pair one, Spanish Bay and Carmel Beach,
represent longer, more exposed sandy beaches that receive large amounts of wave action.
Site pair two, Whalers Cove and Stillwater Cove, are protected coves that receive less
wave action. Because of these differences, I ran an nMDS on the environmental factors to
determine if there were any overlaps in the environmental characteristics among the sites.
The nMDS results reflected these large spatial differences in conditions I expected
between Carmel Beach/Spanish Bay and Whalers Cove/Stillwater Cove (Fig. 20). Wave
period, height, and visibility were consistently higher at Spanish Bay and Carmel Beach
while all forms of algae percent cover were higher at Whalers Cove and Stillwater Cove.
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Table 6. Environmental variables averaged by season with standard deviation
shown for each value.

Wind Direction (°) n = 44

Winter
0.45 ± 0.6
1.48 ± 1.5
198.53 ±
58

Salinity (ppt) n = 44
Depth (m) n = 244
Visibility (m) n = 244

35.25 ± 1
1.7 ± 0.3
1.63 ± 1.1

Spring
0.19 ± 0.3
2.82 ± 1.9
256.1 ±
30.3
34.75 ±
1.5
1.45 ± 0.3
1.97 ± 1.4

Temp (°C) n = 44
Wave Height (m) n = 132
Wave Period (s) n = 132

9.96 ± 1.7
1.43 ± 0.6
9.58 ± 2.3
342.33 ±
13.7

8.5 ± 0.7
0.88 ± 0.9
9.42 ± 3.6
318.14 ±
30

Tide Height (m) n = 44
Wind Ave (m/s) n = 44

Wave Direction (°) n = 44

Summer
0.37 ± 0.4
2.28 ± 1.9
230.85 ±
66.5
33.45 ±
1.2
1.6 ± 0.4
1.76 ± 1.3
12 ± 3.2
0.73 ± 0.6
7.67 ± 2.7
334.89 ±
7.8

Fall
0.79 ± 0.3
1.56 ± 1.4
211.12 ±
41.2
36.11 ±
1.4
1.9 ± 0.4
2.03 ± 1.6
12.78 ±
1.1
0.74 ± 0.7
9.56 ± 2.4
339.39 ±
11.6

Figure 20. Results from non-metric multidimensional scaling analysis of
environmental variables colored by site. Each point represents a sampling day
and overlain environmental vectors.
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EFFECTS ON FISH
To investigate associations between environmental factors and surf zone
community structure, separate distance-based redundancy analyses (dbRDAs) were run
on fish and invertebrate species. For fish species, selected environmental variables
explained a significant amount of the variation in community assemblage (dbRDA; F14,30
= 1.4025; p = 0.001) with depth, visibility, temperature, and wave height being
significant predictors of fish abundance among sites and seasons (Fig. 21A; Table 7).
Leopard sharks, walleye surfperch, calico surfperch, barred surfperch, and silver
surfperch were more abundant at sites and time periods when wave height was greater,
while speckled sanddabs were more common in clearer waters, and dwarf perch and the
thornback ray were more abundant in warmer water temperatures, and all fish species
were associated with deeper BRUVS depths (Fig. 21B). Species on the other side of the
wave height vector (striped surfperch, cabezon, reef perch, black perch, grass rockfish,
rainbow seaperch, kelp rockfish, black-and-yellow rockfish, pile perch, and señorita)
were more likely to be present during times when there was less wave action.
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Figure 21. Results from distance-based redundancy analysis of fish species at all
sites. Points represent a sampling day and are colored by season and scaled by
relative abundance. A) Overlay of significant environmental variable vectors (p <
0.05). B) Overlay of species vectors. To interpret results, the species vectors that
go in the same direction as the environmental vectors are more commonly
observed during days when that variable was greatest.
EFFECTS ON INVERTEBRATES
For invertebrate species, the environmental variables that significantly explained
variation in the assemblage (dbRDA; F14,29 = 1.5912; p = 0.001) were visibility, wave
height, red algae percent cover and green algae percent cover (Fig. 22A; Table 7). Purple
dwarf olive snails, Dungeness crabs, and Pacific sand crabs were associated with high
visibility and larger wave height (Fig. 22B). Hermit crab species and slender crabs were
present at sites without red algae while the red rock crab was more common at sites with
a higher percent cover of green algae. For both fish and invertebrate species, the
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significant factors of wave height and visibility had the largest influence on the species
present in my samples.
A

B

Figure 22. Results from distance-based redundancy analysis of invertebrate
species at all sites. Points represent a sampling day and are colored by season and
scaled by relative abundance. A) Overlay of significant environmental variable
vectors (p < 0.05). B) Overlay of species vectors. To interpret results, the species
vectors that go in the same direction as the environmental vectors are more
commonly observed during days when that variable was greatest.
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Table 7. Results of environmental variables from distance-based redundancy
analysis at all sites for fish and invertebrates.
Fish
Variable
F score p-value
Tide Height
1.4269
0.084
Wind Average
0.7130
0.855
Salinity
1.4056
0.109
Depth
1.5878
0.043
Visibility
1.9881
0.010
Temperature
1.8600
0.018
Wave Height
3.4155
0.002
Wave Period
1.0388
0.365
Red Algae Perc Cover
1.0787
0.343
Green Algae Perc Cover
1.1037
0.290
Brown Algae Perc Cover
1.3112
0.145
Seagrass Perc Cover
0.9608
0.493
Wind Direction
0.8410
0.607
Wave Direction
0.9046
0.554
* and bold represents significant variable (p < 0.05)

*
*
*
*

Invertebrate
F score p-value
1.7616
0.058
1.0525
0.354
1.2668
0.203
1.0647
0.340
4.2215
0.001
1.0048
0.400
2.4949
0.006
1.1042
0.334
1.9550
0.026
0.9752
0.437
2.2912
0.005
1.5184
0.089
1.0455
0.440
0.5886
0.878

*
*
*
*

Because of the overlap in site pairs in the nMDS and the geophysical differences
between them, I ran additional dbRDAs on both fish and invertebrates for the two site
groupings (Carmel Beach/Spanish Bay vs. Whalers/Stillwater Cove). For fish species at
Carmel Beach and Spanish Bay, the environmental variables significantly explained the
abundance data (dbRDA; F14,30 = 2.2081; p = 0.001) including visibility and wave height
(Fig. 23A). Barred surfperch, calico surfperch, walleye surfperch and leopard sharks were
associated more strongly with wave height while the speckled sanddabs were associated
with visibility (Fig. 23B). In summary, all species were more common in surveys with
larger wave heights and greater water clarity.
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Figure 23. Results from distance-based redundancy analysis of fish species from
Spanish Bay and Carmel Beach. Points represent a sampling day and are colored
by season and scaled by relative abundance. A) Overlay of significant
environmental variable vectors (p < 0.05). B) Overlay of species vectors. To
interpret results, the species vectors that go in the same direction as the
environmental vectors are more commonly observed during days when that
variable was greatest.
At Whalers Cove and Stillwater Cove, environmental variables also explained a
significant amount of the variation in fish abundance (dbRDA; F14,29 = 2.898; p = 0.001),
including tide height, visibility, temperature, wave height, and the percent cover of both
green and brown algae species (Fig. 24A). Thornback rays, leopard sharks, calico
surfperch, and dwarf perch had a strong positive association with the percent cover of
green and brown algae. All fish species had a negative association with tide height, depth,
wave height, and visibility. Temperature had a minor, positive association with thornback
rays, leopard sharks, calico surfperch, and dwarf perch (Fig. 24B). In summary, all fish
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species were more common at a low tide, shallower depths, and on days with smaller
waves but lower visibility.
A

B

Figure 24. Results from distance-based redundancy analysis of fish species from
Whalers Cove and Stillwater Cove. Points represent a sampling day and are
colored by season and scaled by relative abundance. A) Overlay of significant
environmental variable vectors (p < 0.05). B) Overlay of species vectors. To
interpret results, the species vectors that go in the same direction as the
environmental vectors are more commonly observed during days when that
variable was greatest.
For invertebrate species at Spanish Bay and Carmel Beach, the environmental
variables explained a significant proportion of the variation in abundance (dbRDA; F14,29
= 2.4147; p = 0.001) and wave height and visibility were significant factors for
invertebrates along with wind speed (Fig. 25A). All invertebrate species had a positive
association with these environmental variables (Fig. 25B). In summary, all invertebrate
species were more common with larger waves, greater water visibility, and stronger wind
speeds.

47
A

B

Figure 25. Results from distance-based redundancy analysis of invertebrate
species from Spanish Bay and Carmel Beach. Points represent a sampling day and
are colored by season and scaled by relative abundance. A) Overlay of significant
environmental variable vectors (p < 0.05). B) Overlay of species vectors. To
interpret results, the species vectors that go in the same direction as the
environmental vectors are more commonly observed during days when that
variable was greatest.
At Whalers Cove and Stillwater Cove, the environmental variables also explained
a significant proportion of the variation in invertebrate abundance (dbRDA; F14,29 =
1.8851; p = 0.013). Significant environmental variables for invertebrates included tide
height, temperature, wave height, and the percent cover of green algae (Fig. 26A). The
moon jellyfish, hermit crabs, and red rock crabs had a positive association with green
algae percent cover while the sea gooseberry had a positive association with temperature.
All invertebrate species had a negative association with wave and tide height (Fig. 26B).
The invertebrate species present at Spanish Bay and Carmel Beach all had a positive
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association with wave height while those present at Whalers Cove and Stillwater Cove
had a negative association with wave height.
A

B

Figure 26. Results from distance-based redundancy analysis of invertebrate
species from Whalers Cove and Stillwater Cove. Points represent a sampling day
and are colored by season and scaled by relative abundance. A) Overlay of
significant environmental variable vectors (p < 0.05). B) Overlay of species
vectors. To interpret results, the species vectors that go in the same direction as
the environmental vectors are more commonly observed during days when that
variable was greatest.

DISCUSSION
Effects of Season and Site on Surf Zone Assemblages
For surf zone fish species, I detected strong differences among sites, and
identified trends across seasons using a variety of approaches. The significant differences
in surf zone fish diversity, species richness, and abundance among sites and site pairs
aligned with geophysical differences between the two pairs of sites. The sheltered sites at
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Whalers Cove (MPA) and Stillwater Cove (Ref) had greater diversity and richness, but
lower fish abundance compared to the wave exposed sites at Spanish Bay (MPA) and
Carmel Beach (Ref). Past studies in other systems support this result of the effects of
wave exposure on surf zone fish assemblages (Inui et al. 2010; Valesini et al. 2004). The
trend of lower diversity and richness but greater abundance at the exposed sites indicates
that although fewer species were present at Carmel Beach and Spanish Bay, they could
be highly abundant. The surf zone community is typically dominated by a small group of
species (Olds et al. 2018), and the same trend of few but highly abundant species was
identified in the Brazilian surf zone (do Nascimento et al. 2021).
My multivariate analyses indicated differences in fish assemblage structure as a
function of season and site. The presence of species strongly associated with different
seasons could potentially point to some migratory habits. Topsmelt, a species from the
Atherinopsidae family, have been observed frequenting the surf zone for spawning
(Quinn et al. 2012) between May to July (Middaugh et al. 1992), which is consistent with
my observations of topsmelt arriving in April and hitting peak abundance in July and
August. Those high abundances of the topsmelt in the late summer are likely the result of
schools migrating to the surf zone for spawning.
Other species that were more abundant in the winter and spring, included barred
surfperch, walleye surfperch, calico surfperch, and leopard sharks. All these species were
observed throughout the year but were much more abundant during the winter and spring.
The surf perch species could be migrating into the surf to feed on invertebrates. Kelp
subsidies transported from offshore typically harbor amphipods (Hyndes et al. 2014), a
common prey for the walleye surfperch (Moring 1984). The larger surfperch species
(barred and calico) might be migrating into the winter surf to feed on the sand crabs to
increase their fitness. Larger individuals within the species typically overwinter further
offshore, but younger individuals remain in the shallows throughout the year (Odenweller
1975)
There were significant spatial differences among sites for invertebrate richness
and abundance. The high abundance of invertebrates at Carmel Beach, and a lesser extent
Spanish Bay, resulted from the large numbers of Pacific sand crabs and purple dwarf
olive snails. Sand crabs range from the intertidal swash to the surf zone and are active
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tidal migrants that can move over 100 m across the beach profile following the tide on
open coast beaches (Jaramillo et al 2000, Dugan et al 2013). Olive snails are more
sedentary. Sand crabs are suspension feeders that feed on phytoplankton and zooplankton
while olive snails feed on a variety of detrital material. The exposed profiles of Spanish
Bay and Carmel Beach could provide more suitable habitat due to the wave action,
stirring up nutrients, detritus, and plankton for these species to feed on. Beaches with
greater wave exposure harbor greater populations of sand crabs (Cubit 1969).
Species from the Cancridae family were observed at higher abundances in the
summer and fall. Male and female Dungeness crabs showed different life history traits
(Stone and O’Clair 2001). Females inhabit shallower waters in the spring (April to June)
to coincide with the spring phytoplankton bloom and to initiate larvae hatching, while
males are in slightly deeper waters during this time, segregated from females (Stone and
O’Clair 2001). I observed increase abundances of Dungeness crabs on BRUVS in May
and June, likely females that traveled into the surf.
The pelagic species I observed in the BRUVS, moon jellyfish, sea gooseberry,
and Pacific sea nettle, were only observed during the winter and abundances were higher
at Whalers Cove than the other three sites. The beginning of the jellyfish blooms is a
result of complex interaction with environmental variables and constantly changing when
the bloom occurs (Sexton 2012). Increased temperature and changes in salinity provide
more favorable conditions for jellyfish blooms (Purcell 2005); however, I observed
increased abundances in the winter. It is possible the bloom of jellyfish observed here
occurred in another area of the Monterey Bay in October when water temperatures
peaked. The jellyfish populations then drifted south moving with the surface currents.
Whalers Cove faces north, so the jellyfish likely accumulated in the cove leading to the
higher observed abundance.
Feeding guilds of surf zone fish and invertebrates did not exhibit any significant
differences in abundance among sites or seasons. Herbivores were only present in the fall
but occurred in very low numbers in other seasons. Since the surf zone lacks consistent
primary producers (Griffiths et al. 1983), it is not surprising that herbivore species were
relatively rare. The only herbivore observed in this study was a northern kelp crab at
Whalers Cove. This species is not frequent in the surf zone, but the close proximity of the
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kelp forest to the surf zone at Whalers Cove is likely why the kelp crab was observed.
Several traditional kelp forest fish species (rockfish, señorita, kelp perch) were also
observed at Whalers Cove. Piscivores were only present in low abundance in every
month except summer. Piscivores and detritivores have been documented to exhibit
seasonal habitat shifts to forage in the surf zone before migrating offshore (Olds et al.
2018). The lack of seasonal trends in the other feeding groups may be due to the low
abundance of some of the migratory fish and invertebrate species identified. Because of
low functional redundancy in the surf zone (Henderson et al. 2019), there are likely few
opportunities for highly specialized feeders to be present and thrive, thus the dominance
of macro- and microcarnivores which have a broader diet more suited to the surf zone
habitat.

Impacts of Seasonality and Marine Protected Areas on Surf Zone
Assemblage
I detected differences in fish abundance between MPA and reference beaches in
some community metrics. Using multivariate approaches, I was able to identify the fish
species more commonly associated with MPAs or reference beaches. The speckled
sanddab and thornback ray both associated strongly with reference sites, but neither of
these species are recreationally targeted. Many of the species that were more common in
MPA sites are targeted species, such as the black-and-yellow and kelp rockfish, cabezon,
and black, striped, and rainbow surfperch. Neither of the reference sites chosen in this
study receive a large, consistent fishing pressure. The larger review of the effects of
MPAs on the surf zone did find that MPAs had a positive effect on the surf zone at many
sites (Dugan et al. 2022). This study also found that the larger differences were in
Southern California where there is a greater degree of fishing pressure.
Overall, invertebrate species did not appear to respond to MPA status. The
multivariate approach also did not identify an effect of MPA status on invertebrate
assemblages. Many invertebrate species observed in this study have limited ability to
move among beaches and high site fidelity. Pacific sand crabs were one of the most
abundant invertebrate species, a result that matches previous studies where this crab
inhabit a wide range of beach types and generally dominate intertidal invertebrate
abundance (greater than 80,000 crabs per meter of shoreline) on open coast beaches in
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California (Dugan et al 2000, 2003). This species is harvested by fishermen as bait, while
also serving as key prey of many surf zone fish species, such as surfperch. No effect on
sand crab abundance, length, or sex has been found for recently established MPAs in
California (Succow 2017). None of my sampling sites were near areas with consistently
high fishing pressure, making it likely that the sand crab populations at my study sites are
also not being harvested frequently or at a high enough rate to detect differences.
The Cancridae crabs are highly targeted invertebrate species present in my study
and have a dedicated commercial and recreational fishery. The Dungeness crab fishery is
one of the most important in the West Coast (Lebon and Kelly 2019). In California, it
was estimated that 73% of commercial fishermen earn more than 40% of their income
from the Dungeness crab fishery (Dewees et al. 2004). Managing this fishery is not only
important for the Dungeness crab populations but also large cetacean species (Lebon and
Kelly 2019). Reports of humpback whales (Megaptera novaeangliae) entanglements in
commercial Dungeness crab fishing gear have been increasing (NMFS 2015). The fishery
has recently undergone required gear changes which include using a timed-release
mechanism to be used in an effort to minimize whale entanglement (Legon and Kelly
2019). Dungeness crabs have been previously reported appearing in the Oregon surf zone
(Marin Jarrin and Miller 2016) and continuing to report them within the California surf
provides a way to potentially assess the stock outside the fishery season.

Environmental Variables Driving Changes in Surf Zone Assemblages
The results from environmental analyses were generally consistent with those
from previous studies, and an important addition to the project as few surf zone studies
include environmental variables in analyses (Olds et al. 2018). I was able to identify a
number of environmental variables that influenced the surf zone assemblage. The most
investigated environmental variables in surf zone studies include temperature, wind,
biomass of drifting macrophytes, wave height, speed, and period, salinity, and turbidity
(Olds et al. 2018). All these variables were considered in this study with the exception of
wave speed.
Previous surf zone studies identified specific trends with environmental variables,
some of which were consistent with my results. Water temperature seemed to positively
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correlate with the thornback ray and dwarf surfperch while negatively correlating with
the leopard shark and three different species of surfperch. Warmer water is associated
with increases in fish abundance (Harborne and Mumby 2011; Olds et al. 2018). The surf
community composition could change as the ocean temperature rise. Tropical fish species
have been observed overwintering in temperate Australian waters (Figueira and Booth
2010). Similarly, it is hypothesized that the recent northern range extension of the banded
guitarfish in the California surf zone is a result of warm water events (Aitchison et al.
2021). Continued warming of the ocean temperatures could allow additional species to
move north into the central California surf.
The effects of drift macrophytes on fish and invertebrate distributions are well
studied in lakes and the ocean (Robertson and Lenanton 1984; Britton-Simmons et al.
2012). It did not appear that algae biomass affected surf zone fish species, but there was a
relationship with certain algae types and invertebrate species. Green and red algae
classifications were significant predictors of the invertebrate assemblage. Algal biomass
has been shown to be positively correlated with fish abundances in the Australian surf
zone (Crawley et al. 2006). I did not investigate the ratio of juvenile fish species and
focused on the assemblage as a whole. Crawley et al. (2006) found that the Australian
surf was predominately juvenile fish and total fish abundance increased as the volume of
algae increased. I found that the red rock crab associated positively with green algae. The
preferred diet of the red rock crab is bivalve species, and they are observed in the same
habitat as green algae species (Yamada et al. 1998; Contreras and Dethier 2011). All
species of invertebrates showed a negative association with red algae cover. The most
common invertebrate that associated with red algae in a kelp forest setting were
amphipods (Schaal et al. 2016). Decreases in kelp may have further negative effects on
surf zone species. Kelp abundances in central California have been on the decline over
multiple decades (Krumhansl et al. 2016).
Wave height and period are more complicated factors affecting the surf zone
community. Wave height was a significant explanatory factor for both fishes and
invertebrates, and for both taxa, individual species associated positively and negatively
with wave height. Fish abundance is negatively correlated with larger waves in South
Africa, but there were some species that showed a positive association (Clark 1997; Olds
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et al. 2018). The fish species that associated with larger wave heights included four
species of surfperch and the leopard shark. The surfperch family, Embiotocidae, evolved
in the temperate North Pacific to survive in the surf zone as a result of ecological
competition and niche partitioning (Longo and Bernardi 2015). Large wave events in
central California are driven by storms in Alaska. These large storm events are predicted
to triple by the end of the century (Poujol et al. 2021), leading to a higher frequency of
larger wave events in the central California surf.
Other environmental factors, such as wind speed and salinity, have mixed results
within the scientific literature. In my study, wind speed and salinity had no effect on fish
or invertebrates. Greater winds would lead to more upwelling favorable conditions
(Thompson et al. 2012), but a better indicator for upwelling my exist. Salinity remained
consistent throughout the year, therefore not impacting the surf assemblage. Inui et al.
(2010) found that there was no effect of salinity on surf zone assemblage looking at the
Japanese surf zone. When investigating sites near freshwater outflows, there is a strong
negative correlation of fish abundance with salinity (do Nascimento et al. 2021). None of
my sites were near a significant river outflow into the ocean.

Future Studies
Future studies should aim to gather additional temporal data. Having the monthly
temporal resolution of this study was necessary to analyze seasonal variability, but
having longer term, multi-year data would yield more information on the composition of
the surf zone community and how it is influenced by the changing environment. Longer
studies that cover several years including many replicates have been shown to document
greater numbers of species in the surf zone (Olds et al. 2018). For example, the winter of
2020 and spring of 2021 were classified as a mild La Niña, meaning there were changes
in the typical ocean trends (NOAA ENSO). During the fall of 2020 many wildfires
occurred in our region, including the Carmel and River fires, which were close to the
Monterey Peninsula. Increased soil erosion and run off after wildfires into rivers and
estuaries that flow to the ocean can negatively alter water quality (Benda et al. 2003).
Having additional years of replicated sampling would help to evaluate the extent of these
large-scale, long-lasting effects.
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Additionally, other effects of MPAs could have been present in this study that
were not detected by our methodology. MPAs have been shown to harbor larger
individuals of fish than their conspecifics residing outside of the protected area (Edgar et
al. 2014). This effect might have been present at our study sites, but its detection requires
data on fish length which is not possible from the BRUVS I used. Using stereo-BRUVS,
a set up with two cameras at specific angles, allows for the determination of length
(Murphy and Jenkins 2010). Having the length data would also better help classify the
juvenile fish species to determine if trends in algae percent cover were impacting juvenile
fish.
This study identified benthic invertebrate species within the surf zone throughout
the year. Studies looking at the predator-prey interactions of surf zone species are lacking
due to the difficulty of studying within the surf. BRUVS provide an opportunity to view
this dynamic habitat and record the behavior of species. Feeding on sand crabs might
explain the high abundances of the surf perch species in the winter, but without empirical
evidence, this is a theory.

Conclusion
Beaches and coastal areas are highly sought after by humans, and the surf zone is
an important ecosystem that is underrepresented within the scientific literature. This
thesis studied the impact of seasonality in the surf zone at four beaches in Central
California using BRUVS. Additionally, it investigated the effects of MPAs and
environmental factors on the surf zone assemblage. The surf zone fish assemblage
differed among sites, and multivariate analysis revealed seasonal trends. Spanish Bay and
Carmel Beach displayed relatively few but highly abundant fish species while Whalers
Cove and Stillwater Cove had a large number of species with low abundances. ShannonWiener diversity for invertebrates changed throughout the year and there were significant
differences in species richness and abundance among sites. No seasonal trends were
identified for invertebrate species using the multivariate analyses. An effect of MPAs was
detected at the fish species level, showing certain species were more common in MPAs
or at reference sites. However, this was not the case for the invertebrate species observed
in this study. MPAs have been shown to have a strong positive impact on surf zone fish
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species in California. Many of the fish species that associated strongly with MPAs in this
study are recreationally targeted species.
Significant environmental variables affecting surf zone fish in this study included
water temperature, wave height, depth of BRUVS, and visibility. For invertebrate
species, the significant environmental variables were wave height, visibility, and the
abundance, as percent cover, of both red and green algae. Of these environmental
variables, wave height was most influential for differences in both fish and invertebrate
assemblages with some species being more present on days with larger waves. Many fish
species associated negatively with water temperature, were more abundant when the
water temperature was colder. As the ocean temperature continues to rise, this could
cause shifts in the surf zone community composition in temperature California. BRUVS
provided a unique method for sampling the surf allowed for seasonal trends to be
examined. Future studies should gather data on longer timescales spanning multiple years
to account for long-scale oceanographic events influencing the surf assemblage.
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ON SPECIES OBSERVED IN STUDY
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Table A1. Additional descriptors for the fish and invertebrate species observed in the study and included in the analyses.
Includes greater taxonomic details along with feeding guild and targeted status classifications
Type
Fish

Subtype
Silverside

Family
Atherinopsidae

Fish
Fish
Fish

Tubesnout
Needlefish
Anchovies

Aulorhynchidae
Belonidae
Clupeidae

Fish

Sculpin

Cottidae

Fish
Fish

Surfperch
Surfperch

Embiotocidae
Embiotocidae

Fish

Surfperch

Embiotocidae

Fish
Fish
Fish

Surfperch
Surfperch
Surfperch

Embiotocidae
Embiotocidae
Embiotocidae

Fish

Surfperch

Embiotocidae

Fish

Surfperch

Embiotocidae

Fish
Fish
Fish

Surfperch
Surfperch
Surfperch

Embiotocidae
Embiotocidae
Embiotocidae

Fish

Surfperch

Embiotocidae

Scientific Name
Atherinops affinis
Aulorhynchus
flavidus
Strongylura exilis
Sardinops sagax
Scorpaenichthys
marmoratus
Amphistichus
argenteus
Amphistichus koelzi
Brachyistius
frenatus
Cymatogaster
aggregata
Embiotoca jacksoni
Embiotoca lateralis
Hyperprosopon
anale
Hyperprosopon
argenteum
Hyperprosopon
ellipticum
Hypsurus caryi
Micrometrus aurora
Micrometrus
minimus

Common Name
Topsmelt

Feeding Guild
microcarnivore

Targeted
Status
Targeted

Tube-snout
Californian Needlefish
Pacific Sardine

planktivore
piscivore
planktivore

Nontargeted
Nontargeted
Targeted

Cabezon

macrocarnivore Targeted

Barred Surfperch
Calico Surfperch

macrocarnivore Targeted
macrocarnivore Targeted

Kelp Perch

microcarnivore

Shiner Perch
Black Perch
Striped Surfperch

microcarnivore Targeted
macrocarnivore Targeted
macrocarnivore Targeted

Spotfin Surfperch

microcarnivore

Walleye Surfperch

macrocarnivore Targeted

Silver Surfperch
Rainbow Seaperch
Reef Perch

macrocarnivore Targeted
macrocarnivore Targeted
microcarnivore Nontargeted

Dwarf Perch

microcarnivore

Nontargeted

Targeted

Nontargeted
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Type

Subtype

Family

Fish
Fish
Fish
Fish
Fish
Fish

Surfperch
Surfperch
Surfperch
Greenling
Wrasse
Bass

Embiotocidae
Embiotocidae
Embiotocidae
Hexagrammidae
Labridae
Moronidae

Fish
Fish

Flatfish
Flatfish

Paralichthyidae
Paralichthyidae

Fish
Fish
Fish

Ray
Flatfish
Guitarfish

Platyrhinidae
Pleuronectidae
Rhinobatidae

Fish
Fish

Croaker
Rockfish

Sciaenidae
Sebastidae

Fish
Fish
Fish
Fish

Rockfish
Rockfish
Rockfish
Rockfish

Sebastidae
Sebastidae
Sebastidae
Sebastidae

Fish
Fish

Bass
Shark

Serranidae
Triakidae

Invertebrate Crab

Cancridae

Invertebrate Crab

Cancridae

Scientific Name
Phanerodon
furcatus
Rhacochilus toxotes
Rhacochilus vacca
Ophiodon elongatus
Oxyjulis californica
Morone saxatilis
Citharichthys
stigmaeus
NA
Platyrhinoidis
triserata
Platichthys stellatus
Zapteryx exasperata
Genyonemus
lineatus
Sebastes atrovirens
Sebastes
chrysomelas
Sebastes mystinus
Sebastes rastrelliger
Sebastes spp
Paralabrax
clathratus
Triakis semifasciata
Metacarcinus
gracilis
Metacarcinus
magister

Common Name

Feeding Guild

Targeted
Status

White Seaperch
Rubberlip Seaperch
Pile Perch
Lingcod
Senorita
Striped Bass

macrocarnivore
macrocarnivore
macrocarnivore
macrocarnivore
microcarnivore
piscivore

Targeted
Targeted
Targeted
Targeted
Nontargeted
Targeted

Speckled Sanddab
Unknown Flatfish

microcarnivore
microcarnivore

Nontargeted
Targeted

Thornback Ray
Starry Flounder
Banded Guitarfish

macrocarnivore Nontargeted
microcarnivore Targeted
macrocarnivore Nontargeted

White Croaker
Kelp Rockfish
Black-and-Yellow
Rockfish
Blue Rockfish
Grass Rockfish
Unknown Rockfish

macrocarnivore Targeted
macrocarnivore Targeted

Kelp Bass
Leopard Shark

macrocarnivore Targeted
macrocarnivore Targeted

Slender Crab

microcarnivore

Targeted

Dungeness Crab

microcarnivore

Targeted

macrocarnivore
macrocarnivore
macrocarnivore
macrocarnivore

Targeted
Targeted
Targeted
Targeted
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Type

Subtype

Family

Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate

Crab
Crab
Sand Crab
Snail
Snail
Crab

Cancridae
Epialtidae
Hippidae
Littorinidae
Olividae
Paguridae

Invertebrate Jellyfish

Pelagiidae

Invertebrate Ctenophore
Invertebrate Jellyfish

Pleurobrachidae
Ulmaridae

Scientific Name
Metacarcinus
productus
Pugettia producta
Emerita analoga
NA
Callianax biplicata
Pagurus spp
Chrysaora
fuscescens
Pleurobrachia
bachei
Aurelia aurita

Common Name

Feeding Guild

Targeted
Status

Red Rock Crab
Northern Kelp Crab
Pacific Sand Crab
Sea Snail
Purple Dwarf Olive Snail
Hermit Crab

microcarnivore
herbivore
planktivore
herbivore
planktivore
microcarnivore

Targeted
Nontargeted
Targeted
NA
Nontargeted
NA

Pacific Sea Nettle

microcarnivore

Nontargeted

Sea Gooseberry
Moon Jellyfish

planktivore
microcarnivore

Nontargeted
Nontargeted
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APPENDIX B
MONTHLY GRAPHS OF DIVERSITY, RICHNESS,
AND ABUNDANCE FOR SEASONAL AND MPA
TRENDS
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A

B

C

Figure B1. Diversity, richness, and abundance for fish species by month and season
with ± 1 standard error. A) Shannon-Wiener diversity of months colored by season. B)
Species richness of months colored by season. C) Abundance for each month and
colored by season.
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A

B

C

Figure B2. Diversity, richness, and abundance for invertebrate species by month and
season with ± 1 standard error. A) Shannon-Wiener diversity of months colored by
season. B) Species richness of months colored by season. C) Abundance for each
month and colored by season.
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B

C

Figure B3. Diversity, richness, and abundance for fish species by month and marine
protected area (MPA) status with ± 1 standard error. No reference sites were sampled
within September due to the wildfires. A) Shannon-Wiener diversity of months colored
by MPA status. B) Species richness of months colored by MPA status. C) Abundance
for each month and colored by MPA status.
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Figure B4. Diversity, richness, and abundance for invertebrate species by month and
marine protected area (MPA) status with ± 1 standard error. No reference sites were
sampled within September due to the wildfires. A) Shannon-Wiener diversity of
months colored by MPA status. B) Species richness of months colored by MPA status.
C) Abundance for each month and colored by MPA status.
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APPENDIX C
MONTHLY AND SEASONAL GRAPHS OF
ENVIRONMENTAL FACTORS INVESTIGATED
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Figure C1. Averaged depth of baited remote underwater video station averaged by
month with ± 1 standard error. Each bar represents a month and bars are colored
by season.

Figure C2. Salinity collected while baited remote underwater video stations were
deployed with ± 1 standard error. Each bar represents a month and is colored by
season.
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Figure C3. Wave direction data collected while baited remote underwater video
stations were deployed. Each bar includes ± 1 standard error. A) Wave direction
where each bar represents a month and are colored by season B) Same data from
A but averaged by season and represented on a polar coordinate system with the
cardinal directions labeled.
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Figure C4. Wave data collected while baited remote underwater video stations
were deployed. A) Averaged wave height where each bar is for a month and
colored by season. B) Averaged wave period for a month and colored by season.
Each bar includes ± 1 standard error.

78
A

B

Figure C5. Wind direction data collected while baited remote underwater video
stations were deployed. A) Averaged wind direction where each bar represents a
month and are colored by season. Bars include ± 1 standard error. B) Same data
from A but averaged by season and represented on a polar coordinate system with
the cardinal directions labeled.
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Figure C6. Wind data collected while baited remote underwater video stations
were deployed. Measured wind speed for each month and colored by season.
Bars include ± 1 standard error.

Figure C7. Averaged water temperature collected while baited remote
underwater video stations were deployed with ± 1 standard error. Each bar
represents a month and is colored by season.
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Figure C8. Averaged tide height while baited remote underwater video stations
were deployed with ± standard error. Each bar represents a month and is colored
by season.

Figure C9. Averaged visibility of water when the baited remote underwater video
stations were deployed with ± 1 standard error. Each bar represents a month and
is colored by season.
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Figure C10. Average percent cover of algae per month. A) Average percent cover
of algae for each month with ± 1 standard error. Each bar is colored by season. B)
The relative abundance of the four algae classification types. Bars are broken into
the four colors that represent the different algae classifications.

